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APPLIED J-INTEGRAL IN HY130 TENSILE PANELS AND

IMPLICATIONS FOR FITNESS FOR SERVICE ASSESSMENT*

D. T. Read

An experimental technique for direct evaluation of the J contour integral

is described. Results are reported and discussed. Some fifteen cracked HY130
tensile panels were tested, including center-cracked, single-edge-cracked,
double-edge-cracked, face-cracked, and part-through-cracked configurations. As

crack size increased, the post-yield deformation pattern changed from gross

section yielding, for very small cracks, to net section yielding, for larger
cracks. Net section yielding was associated with much larger O-integral values
than gross section yielding. The product of crack mouth opening displacement
and yield strength was approximately equal to the J-integral for all cases in

the tensile panel geometry used here. The implications of these results for
f i tness-for-service assessment of practical components and structures containing
crack-like defects are discussed. Net section yielding behavior is intolerable
in high-performance applications. Gross section yielding behavior can be

treated using a J-integral estimation curve derived from the present experimental
results. The scatter in the normalized gross section yielding contribution to 0

was high, approximately a factor of 2. This scatter was attributed to specimen
imperfections and experimental problems. The experimentally derived J-integral
estimation curve of the present study fell at the top of the range of previously
reported curves. Applications of this estimation curve to cases of residual
stresses, stress concentrations, and surface cracks are briefly described.

Key words: crack; defect; fi tness-for-service; fracture mechanics; gross section
yielding; J-integral; net section yielding; surface crack; through crack.

1. INTRODUCTION

This report describes experimental evaluation of the J-integral as a function of stress or

strain for through and part-through cracks in tensile panels. The principle of the present method is

to measure the integrand terms of J at suitable intervals along an appropriate contour and then

evaluate the integral. Because the resulting J value is based directly on the definition of J, no

assumptions about the crack size or the behavior of stress-strain fields produced by the action of

the crack tip are necessary. This advantage is crucial in cases of very short cracks, which are

of special interest for structural applications. The present method extends previous direct

experimental evaluations of the J-integral in metals and composites in the elastic range [1-3] and

in rubber [4] to the case of metals in the plastic strain range.

The J contour integral has been applied widely in characterizing the fracture toughness of

metals [5-7]. But its application to evaluation of structural durability requires knowledge of the

material J
c

value needed in a cracked, structural element subject to stress and strain. The material

J value needed is the same as the applied J-integral value addressed experimentally in this study.

The present study, therefore, is complementary to current work advancing the use of the J-integral

for materials characterization; it also extends current knowledge of applied J-integral values beyond
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the linear-elastic case where well-known and widely used handbook solutions [8] for the stress

intensity K can be used to calculate the applied J-integral.

2. METHOD

The principle of the present method is to obtain the J integral by measuring its integrand terms

at suitable intervals along an appropriate contour and then evaluating the integral. The analytical

and experimental aspects of the present method for direct experimental evaluation of the J contour

integral are discussed separately below.

2.1 Analytical approach

The definition of the J-integral as given by Rice [9] is:

J = f W dy - T • 3u/8x ds (1)

where W is the strain work density, f is the traction vector, u is the displacement vector, x and

y are Cartesian position coordinates, and s is arc length along the contour. The contour chosen

for direct measurement of the J-integral is indicated in Fig. 1 for single-edge-cracked specimens.

Because of symmetry about the plane of the crack, only half of each specimen was instrumented. The

contour follows specimen free surfaces along the y-direction and traverses the tensile axis at a

location away from the crack. For some specimens, one y-direction contour segment was along the

specimen centerline.

Plane stress behavior was assumed all along the contour because no through-thickness applied

stresses were present and because the specimen thickness was small compared with its length and width

[3].

Evaluation of the two terms of Eq. 1, the work density term, Wdy, and the traction-bending term,

f*3u/9x ds, for contour segments DC, CGA, and AB (Fig. 2) is now discussed in detail.

The strain work density W, given as

W = fa

.

-de .
, (2

)

where a., is the stress tensor and e.. is the strain tensor, reduces simply to
ij ij

K J

W = fo de
yy yy

(3)

along DC and AB because all stress components except a are zero for these contour segments along

free surfaces in plane stress. Below yield, a is given simply by e^/E (where E is Young's

modulus) again because all stresses except a are zero. For the same reason, the yield criterion

becomes, simply, e *E > c^, where is the yield strength, and the stress depends on the strain

e just as the longitudinal stress depends on the longitudinal strain in a simple tensile bar. A

stress-strain curve from a smooth-bar tensile test of the specimen material was found to be well

approximated by ari elastic-perfectly-plastic stress strain law. This bilinear stress-strain relation,

in the form
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= e E, for e < Q m
yy yy y

= o , for e > Q m
y yy y

( 4 )

was substituted into Eq. 3. The resulting expressions for W,

“ = Ee*
y
/2, for Eyy <o

y
/E

“ = »y/2E + »
y
U
yy

- °
y
E) for c

yy
<c
y
/E ,

( 5 )

were used in the evaluation of the integrand of Eq. 1 along contour segments DC and AB. The traction

vector, f, is zero along contour segments DC and AB because they are on free surfaces, so the second

term of the integrand of Eq. 1 is zero for these segments.

Along segment CGA, dy is zero because this segment is parallel to the x-axis. Therefore the

first term of the integrand of Eq. 1 does not contribute. The traction f at the contour can be

expressed as T^ = n
^ , where n^ is the unit vector outward normal to the contour. Along segment

CGA, n. is the unit vector outward normal to the contour. Alona segment CGA, n = 1 and n = 0 so
j y x

T = o and T = a . The shear stress, o , was assumed to be negligible for this contour segment
y yy x xy xy

chosen to be away from the crack. The x-component of u along CGA, u , was assumed to be negligible

because no source for such a displacement component was present. Therefore, the integrand in Eq. 1

reduces to T^ • 9u
y
/9x for contour segment CGA. The traction, T , was calculated from strains

measured by strain gages between C and G and G and A (Fig. 2) using the stress-strain relation of

Eq. 4 above, which applied because all stress components except a
;
were insignificant along CGA.

yy
The traction, T , all along CG was assumed to be the value calculated from the strain gage between C

and G. The bending term, Su^/Sx, all along CG was approximated by

3u
y
/9x = [ u ( G )

- u (C)]/[x(G)-x(C)] . (6)

The value of u (G) was obtained as half the displacement measured by the linear variable differential

transducer (LVDT) mounted between points G and H. In similar fashion, u
y
(C) was obtained from the

LVDT mounted between points C and E. The quantities x(G) and x(C) were simply the x coordinates of

points C and G. The traction-bending term, T^*9u
y
/9x, along segment CG was calculated using T

y
and

9u /3x obtained as described, and the traction-bending term along segment GA was calculated

simi larly

.

Strain values needed for calculation of the work density, W, were available at only a limited

number of locations along contour segments DC and AB. Therefore the integral of Eq. 1 could only be

evaluated approximately. Two different approximation methods were tried. The first method was

direct numerical integration (no-fit procedure). Segments DC and AB were divided into increments

each containing one strain gage. The contribution of each increment to the integral was taken to be

the product of the strain energy density, calculated from the measured strain value using Eq. 5,

multiplied by the increment length. Because of the sense of the contour integration, increment

lengths along DC were taken to be positive, and those along AB, negative. The second method for

evaluating the integral of Eq. 1 was to fit the measured strain values along segment DC or AB to a

polynomial or selected nonlinear function of distance y from the crack plane; the strain values given

by the fitting functions were then used to calculate work density values, using Eq. 5, at

3



many locations along segments DC or AB so that conventional numerical integration could be used to

evaluate Eq. 1 along these segments. Functions were selected and evaluated according to how well

they reproduced the observed dependence of strain on position. Strain values from strain gages were

available at approximately eight locations along both segments CD and AB. In addition, qualitative

indications of the dependence of strain on position were obtained from brittle lacquer coatings on

the specimen surfaces. Third- and-fourth order polynominals expressing strain e
^

as a function of

distance, y, from the crack plane achieved a compromise between fitting the measured strain values

and modeling the qualitative dependence of strain on position. Fifth- and sixth order polynominals

fit the measured values more closely, but introduced spurious maxima and minima into the position

dependence of the strain. The nonlinear functions were chosen to provide a better fit to the measured

strain values without introducing spurious maxima and minima. The functional forms used were: on

segments DC,

e
yy

= a
l

ex P(" d
2

-y

)

+ a
3

+a
4y

(7)

and on segments AB,

e
yy

= a
i

ex P(" z ^/ 2 )
+ a

4
+ a

5
y + V" • (8)

The a^. were coefficients to be fitted and z = (y-a^/a^. These functions allowed modeling of the low

strain region near the crack mouth on contour segment AB and the peak in strain on segment DC where a

deformation band emanating from the crack intersected the specimen surface.

The analytical strategy just discussed was applied to experimental data obtained as described

bel ow.

2.2 Experimental procedure

The specimen material used in the present study was HY130 steel; the plate used had a yield

strength of 933 MPa and a tensile strength of 964 MPa. The chemical composition of the plate used is

listed in Table 1. Engineering stress-strain curves obtained using round bar tensile specimens with

gage section 6 mm in diameter by 25 mm long, Fig. 3, showed that the specimen material was nearly

el astic-perfectly-pl astic . The stress rose only 2 percent between 1 and 5 percent strain. J-integral

resistance curves (J-R curves) obtained using the unloading compliance technique on side-grooved

compact tensile specimens 25 cm thick are shown in Fig. 4. Also shown for comparison is a J-R curve

obtained from a face-cracked tensile panel 25 mm thick by 90 mm wide by 300 mm long, with initial

crack length 4 mm. The difference between J-R curves from the two specimen types is caused by

differences in crack tip constraint, as discussed in a later section. Pin-loaded tensile panels with

gage sections 30-cm long by 9-cm wide by 1-cm thick were used for most tests. Larger-scale tests

were performed in wedge-gripped center-cracked panels with gage sections 84 cm long by 56 cm wide by

2.5 cm thick. Saw-cut notches were usually used instead of fatigue cracks to postpone tearing (in

all but the two cases where fatigue precracks were used). Figure 5 indicates the configurations of

the 15 specimens covered in this report. Figures 6 through 12 give details of the instrumentation of

sever specimens representati ve of each design. Similar instrumentation was used on the other speci-

mens of each design.

As indicated in Figs. 6 through 12, the strain gages were concentrated near the crack mouths and

on the opposite side of the specimen at a location offset from the crack plane by a distance on the
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order of the length of the uncracked ligament. These two locations were the sites of significant

features of the strain distribution.

Table 1. Chemical compositions by weight percent and treatment for HY130.

Chemical Composition, weight percent:

Ni Cr Mo V C_ Mn P Si

5.00 0.42 0.53 0.043 0.11 0.76 0.005 0.03

S Cu A1 Co Ti Fe

0.004 0.022 0.021 0.02 0.008 bal

Treatment: Austenitized, quenched, tempered, quenched.

Very small gages (four or five independent gages on a single backing sheet, active length of about

0.75 mm each, gage centers about 1.4 mm apart) were used near the mouth of short cracks. Linear

variable differential transducers (LVDTs) were used to measure relative displacements of the ends of

the gage sections. A clip-on gage was mounted in the crack mouth to measure crack mouth opening

displacement (CM0D). Each specimen was coated with brittle lacquer or photoelastic plastic to reveal

strain patterns. The strain patterns produced were suitable for recording by photography.

A servohydraul ic testing machine with a load capacity of 1 MN was used. The tests were run

in displacement control. An analog-to-digital (A-D) conversion system with a 16-bit resolution

was connected to the strain gages, LVDTs, testing-machine load cell, and CM0D gage. The A-D

converter was connected to a minicomputer system. The minicomputer system consisted of a processor,

a dual floppy-disk data-storage unit, a digital plotter, and a printer.

The servohydraul i c testing machine was controlled manually, but the data acquisition, on-line

analysis, storage, printing, and plotting for each data point were controlled by the minicomputer.

For each deformation increment, each sensor was polled and its signal was converted from

electrical to physical units and stored on floppy disk. Then the J-integral was calculated by

direct numerical integration as described above. The J-integral, stress, CM0D, average strain

(defined below), measured displacement, and measured strain values were printed. Finally, each

strain-gage output was plotted on a bar graph, and the calculated J-integral value was plotted

against average strain. (The bar graphs of strain provided real-time indications of proper

functioning of individual strain gages and the yielding of different parts of the specimen, but

were not used for data analysis.)

Average strain e, also referred to as gage length strain, was calculated as

i l = (V
CE + V

GH + V
af

)/3L = AL/L (9)

where V^ is the displacement measured by the LVDT mounted between points C and E and similarly Vg^

and V^p are displacements measured by the other two LVDTs. L is the y-direction distance between

contour segments CGA and EHF and represents the specimen gage length. The measured displacements, and

therefore e, included both contributions from the strain field of the crack and contributions from
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the strain that would have existed in the absence of the crack. A consistency check on this calcula-

tion of e was made by integrating measured strains along y-direction contours. The two methods gave

identical values at low strains. At high strains, disagreement occurred, usually indicating strain

gage failure.

In the course of a typical test, first the instrumented specimen was mounted in the testing

machine, and all of the instrumentation was connected and checked for proper function. When all the

apparatus was performing properly, a zero-load data point was taken, and the specimen was extended by

a preselected amount. Then the computer was allowed to proceed through the data acquisition-storage-

calculation-print-plot procedure described above. The specimen was then extended further and the

procedures repeated. The strain patterns revealed by the brittle lacquer coating were photographed

periodically throughout the test. Tests were terminated for two reasons: specimen tearing or gage

failure. Tearing occurred before strain-gage failure for specimens with large cracks.

About one hundred data points, each consisting of about twenty-five measured strain values,

three displacement values, one CMOD value, and one load value, were obtained during a typical test.

The maximum average strain (defined above) attained during a test ranged from around 1.5 times yield

for relatively deep cracks to near 9 times for shallow cracks.

3. RESULTS AND DISCUSSION

The experimental results are presented and discussed in separate sections on: strain distri-

butions; strain dependence of J-integral, crack mouth opening displacement (CMOD), and stress;

detailed discussion of gross section yielding (GSY) results; implications of present results for

f i tness-for-servi ce assessment; and surface flaws. The primary measured quantity in this study was

strain as a function of position, obtained from strain gage data. The character of the strain

distributions controlled the behavior of the J-integral. Crack length controlled the form of the

strain distributions. Two general types of strain distributions occurred, resulting in two general

forms of the dependence of J-integral on strain. The quantities measured in this series of experi-

ments allowed study of the strain dependence of J-integral, stress, and CMOD. These data are pre-

sented graphically for seven representati ve specimens. The unifying concept for all these

experimental results is that net section yielding (NSY) produces high J-integral values and GSY

produces low values. Because only the GSY case is appropriate to an estimation-curve approach to

fi tness-for-servi ce assessment, the GSY results are discussed separately. Average and upper-bound

curves representing the dependence of J-integral on strain and crack length are extracted from the

data for the one specimen with GSY and the three specimens with combined GSY and NSY. Methods of

applying the upper bound of the present results as a f i tness-for-service assessment curve for through

cracks are discussed. Surface crack behavior is more complex than through-flaw behavior. Yielding

of the ligament behind a surface crack produces an intermediate characteristic dependence of

J-integral on applied stress between contained plasticity and general (gross or net section)

yielding. A three-step procedure for estimating applied J-integral values, which accounts for

contained plasticity, ligament yielding (LY), and GSY is described.

3.1 Strain distributions

Strain distributions in HY130 tensile panels were obtained both from strain gages (quantitative

information) and from brittle lacquer and photoelastic coatings (qualitative information). Strain

distributions measured by the strain gages are plotted in Figs. 13 through 19. These figures show

the longitudinal strains parallel to the tensile axis plotted against distance from the plane of the
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crack for seven representative specimens. For most specimens, data from three different scans of the

strain gages are plotted, one just before yield, one after some yielding, and one after considerable

yielding. Specific strain levels are indicated in the plots. Two measures of the strain level are

given, gage length strain and remote strain. Gage length strain was defined earlier in Eq. 9. It is

the change in the gage length divided by the original gage length. Remote strain is the strain

measured by a strain gage remote from the crack. The difference between gage length strain and

remote strain is a measure of the strain concentration introduced by the crack. This strain concen-

tration is significant for plastic strains for specimens with cracks larger than approximately one

percent of the cross section.-

In the scans before yield (nominal yield strain for H Y 130 is 0.0045), strain distributions along

contour segments on the uncracked sides are uniform just as would be the case if no cracks were

present. The crack sizes were not large enough to influence the strain distributions away from the

crack for the specimens described by Figs. 13 through 19. The face-cracked

specimen (Figs. 9 and 16) was an exception to this behavior pattern. This crack was sufficiently

deep that bending reduced the strain opposite the crack. On the cracked contour segment "strain

shadows" of the cracks can be seen. A crack forms a free surface perpendicular to the tensile

direction, so the stress in this direction vanishes at the crack mouth. Therefore the strains near

the crack mouth are low. Far away from the crack, the strain has the value it would have had every-

where in the absence of the crack. The strain shadow is localized around the crack mouth. The

extent of the strain shadow varies with the size of the crack. The strain shadow occurs both before

and after yield, as can be seen in Figs. 13 through 19.

In the strain gage scans after yield, a new feature of the strain distribution appears on the

contour segments opposite the crack: a hump or spike of high strain offset from the crack plane by

approximately the length of the uncracked ligament (Figs. 13-19). These strain spikes result from

deformation bands that emanate from the crack tip and extend to the opposite side of the specimen.

The deformation band is a localized region of high strain. In the coordinate system with axes

parallel and perpendicular to the specimen axes, the strain in the deformation band is an extensional

strain along the tensile axis and a compressional strain perpendicular to the tensile axis. The

strain transverse to the axis was not detected by the axial strain gages. Strains transverse to the

tensile axis do not contribute to the J-integral along free surfaces because stresses transverse to

the tensile axis are zero at free surfaces. (In some specimens contour segments lying parallel to

the tensile axis did not fall along free surfaces. Some transverse strain gages were used in such

cases. These indicated strains small enough so that corrections to the J-integral were not usually

needed. A transverse strain contribution was included in the J-integral for the large,

center-cracked panel with a = 5 mm.) The occurrence of deformation bands for postyield strains was

also clearly shown by the brittle lacquer and photoelastic coatings (Figs. 20-26).

Postyield strain patterns for cracked tensile panels have been divided into two general types:

net section yielding (NSY) and gross section yielding (GSY) [10,11]. Panels with NSY have deforma-

tion bands, panels with GSY do not. In NSY, the specimen segments outside the deformation bands move

as rigid bodies. Displacements applied at the specimen ends are transmitted fully to the crack

through the deformation bands. The change in CM0D is equal to the change in the relative displ acment

of the specimen ends. The specimen segments outside the deformation bands remain at or below yield

strain, while high strains occur within the deformation bands. This behavior is apparent in most of

the strain distribution plots. Figs (13-19).

If the crack is small enough so that plastic strain is distributed uniformly all along the

specimen length, no deformation band is formed and GSY occurs. Of the through-cracked specimens
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tested in this program only the single-edge-cracked specimen with a 1-mm crack formed no deformation

band. The strain distributions in this specimen are plotted in Fig. 27; brittle-lacquer represent-

ations of its strain patterns are shown in Fig. 28. These figures show that in this specimen no NSY

occurred and that GSY did occur. Experimental problems with this test were caused by the small crack

size and instrumentation malfunctions. But the GSY behavior of this specimen was clear. The single-

edge-cracked specimen with a crack length of 2 mm, the double-edge-cracked specimen, and the large

center-cracked specimen with a half-crack length of 5 mm exhibited a combination of NSY and GSY. Jn

these specimens deformation bands were formed, but the strains remote from the crack reached levels

well above yield because the cracks were small and the deformation bands strain-hardened enough to

compensate for the missing cross-sectional area in the crack plane.

From an examination of data from all tested specimens including those with part-through cracks,

it is concluded that crack area must be restricted to 1 percent or less of total specimen cross-

sectional area to avoid NSY in HY 130 tensile panels.

3.2 Strain dependence of J-Integral, stress, and crack mouth opening displacement

The strain dependence of the J-integral, stress, and CMOD are presented in Figs. 29 through 35

for seven representative specimens. Each of these figures consists of eleven separate graphs that

present relationships between measured quantities. They are:

a. J-integral plotted against gage length strain

b. J-integral plotted against remote strain

c. J-integral plotted against stress

d. Stress intensity factor plotted against stress

e. Stress plotted against gage length strain

f. Stress plotted against remote strain

g. Gage length strain plotted against remote strain

h. Crack mouth opening displacement plotted against gage length strain

i. Crack mouth opening displacement plotted against remote strain

j. Crack mouth opening displacement plotted against stress

k. J-integral plotted against crack mouth opening displacement

These figures, along with Figs. 6 through 28, provide a very complete and detailed description of the

response of cracked HY130 tensile panels to imposed strains. The key theme that unifies all these

experimental results is the effect of yielding pattern on J and on CMOD. Net section yielding

produces high J and CMOD values, gross section yielding produces low values. The plots are discussed

individually for the first specimen of the series. The remaining specimens all demonstrated similar

behavior.

For each of the seven specimens chosen as typical, a graph of J-integral plotted against gage

length strain (for example. Fig. 29a) is shown. The behavior of these curves is parabolic, at

strains below yield, and linear, at strains above yield. The parabolic part below yield is accounted

for by linear elastic fracture mechanics. The linear part at strains above yield is the region of

interest here. This region of the J-integral vs. gage length strain curve is linear for both net and

gross section yielding. To distinguish NSY from GSY, the plot of J-integral vs. remote strain

(Fig. 29b for the center-cracked panel with crack half-length 4 mm) is helpful. Note that in Fig.

27b the remote strain remains near yield while the J-integral increases rapidly. For similar values

of J, the gage length strain reached twice yield. This behavior difference indicates that

displacements imposed at the specimen ends are being transmitted to the crack tip, steadily
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increasing the J-integral. Because these displacements are not absorbed as plastic strain away form

the crack, the remote strain does not increase. This is the signature of net section yielding. If

NSY were to occur in a structure, increases in J-integral could occur at constant strain because the

strain considered in a structure is the remote strain, not the strain at the crack. The imposed

displacement needed to increase J to critical levels is about 1 mm or less, too small to be noticed

i For continuity with linear elastic fracture mechanics, the J-integral can be converted to

stress intensity factor in the usual way and plotted against stress, as in Fig. 29d for the first

specimen of the series. This particular specimen had high scatter in its stress intensity factor vs.

stress plot, as can be seen by reference to the other plots of these quantities. Figs. 30d through

35d. The results were a linear dependence of stress intensity factor on stress below yield with

experimental error superposed. In Fig. 29d, the theoretical linear elastic stress intesnity factor

is shown as a solid line. The experimental techniques and crack sizes used here were aimed at

behavior in the plastic strain range, not at the well-known, well understood linear elastic behavior.

Some significant experimental errors occurred in the elastic range. These errors were lower in the

plastic range, because of the larger and more easily measured strains in the plastic range. These

experimental errors are evident in several of the plots of stress intensity factor against strain.

They were accepted in order to concentrate the experimental effort on understanding the behavior in

the plastic strain range. The plots of stress intensity factor against stress show that as stress

approaches yield strength, stress intensity factor increases more rapidly, indicating increasing

plastic zone size.

The plots of stress vs. gage length strain (Fig. 29) for the first specimen of the series)

clearly show the nearly elastic-perfectly-plastic nature of H Y 130 in the strain range considered

here. The plots of stress vs. remote strain (Fig. 29f for the first specimen of the series)

emphasize again that very little remote yielding occurs in NSY. Perhaps the clearest method of

distinguishing GSY from NSY uses a plot of gage length strain against remote strain (Fig. 29g for the

first specimen of the series). For NSY, the two strains increase together in the elastic strain

range; but after yield the gage length strain continues to increase but the remote strain does not,

so the data points form a nearly vertical line. If GSY had occurred, the two strains would continue

to be nearly equal above yield.

For each set of results plotted, it can be seen that the dependences of CMOD on gage length

strain, remote strain, and stress (Figs. 29h-29j for the first specimen of the series) parallel those

of the J-integral. This is not surprising because it is well known that the crack tip opening dis-

placement (CTOD) is closely related to J and is an alternate measure of the driving force for

fracture under plastic strain. In the tensile geometries studied here, CMOD and CTOD seem to be

increasing at the same rate in the plastic strain range. The J-integral J is plotted against CMOD

for the seven typical specimens (Fig. 29k for the first one of the series). For these specimens, it

can be seen that the approximation

J -v, a
y

•
CMOD (10)

holds, where is the material yield strength. A line showing the locus J=a CMOD in Figs. 29k

through 35K shows the accuracy of Eq. 10. This finding improves confidence in the J-integral results

because CMOD is a much simplier quantity to obtain experimentally.

For the case of the edge-hole-cracked specimen, the J-integral should be correlated with the

strain at the hole in the absence of the crack. The presence of the crack prevents measurement of

this strain. It can be calculated by application of Neuber's rule [12], given below in Eq. 14.
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Plots of J-integral and CMOD against Neuber strain and Neuber stress are given in Fig. 33. The

relationship between the behavior of a crack at a stress concentration and a crack in a tensile panel

in 6SY is discussed later in §3.4.

The spectrum of behavior from NSY for long crack lengths to GSY for short cracks is most fully

illustrated by the five single-edge-cracked specimens [13]. Their J vs. strain behavior is plotted

in Figs. 36 and 37. Note that the increase in crack length from 1 mm to 20 mm did more than simply

raise the J-integral in the plastic strain range: it actually prevented the specimens with cracks

4 mm long and longer from reaching remote strains above yield (Fig. 38). For NSY, J increases with

imposed displacement at a constant level of remote strain. The specimen with the 1 mm crack reached

remote strain levels well above yield with low J-integral values. A similar effect is shown by the

comparison of the large center-cracked panels (Fig. 39). The panel with the 16 mm crack never

reached remote strains above yield. From these results it can be concluded that for a hi gh-performance

component which must survive tensile strains above yield, NSY must be avoided.

3.3 Gross section yielding results

The experimental results for through-cracked specimens with GSY are crucial for formulating a

f i tness-for-service assessment method. Net section yielding must be handled separately and in any

case is unacceptable in high performance structures. The single-edge-cracked specimen with a 1-mm

crack was the only specimen with GSY without any NSY. The specimens with combined GSY and NSY were

the single-edge-cracked specimen with a 2-mm crack and the double-edge-cracked specimen with 2-mm

cracks, both 90-mm wide, and the center-cracked-specimen with hal f-crack-1 ength 5 -mm, width 560 mm,

and thickness 25 mm. A fi tness-for-service assessment curve was derived from the data from these

specimens. Previous J-integral estimation curves [14-16] plotted normalized J-integral against

normalized strain. The normalization equations used were

and.

Normalized J-Integral = j = EJ/^aCy ),

Normalized strain = e = e/e
y

11a

:

'lib!

where E is Young's modulus, a is crack length (usual fracture mechanics usage), is material yield

strength, and e^ is the nominal yield strain given by a /E. The key normalization operation in

Eq. 11a is that J-integral is divided by crack length; all the other parameters are material

properties independent of crack length or specimen geometry. The appropriate strain for Eq. 11 is

remote strain, for GSY. For GSY, the J-integral is proportional to the extent of the strain

shadow around the crack mouth. Because in HY130 the stress is essentially constant above yield, the

strain work density reduces approximately to the product of yield strength and strain for strains

well above yield. The J-integral is the difference between cracked and uncracked sides of the strain

work density integrated over y position, as indicated in Fig. 40. The yield strength factors out, so

that J-integral is proportional to the difference between cracked and uncracked sides of strain

integrated over y position. The strain on the uncracked side is simply the remote strain, for a

tensile panel; so the J-integral is approximately proportional to the area of the strain shadow on a

plot of strain against position.

For purposes of evaluating the J-integral, the strains near the crack mouth for each specimen

were fitted by an exponential function given in Eq. 7 above. To obtain a fi tness-for-service curve
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representative of all the experiments with GSY, strain data for these specimens was fitted to the

function:

e(y)/'&
r

= 1 - exp(-gy/a) (12)

where e(y) is strain at a distance y from the crack mouth, is remote strain, and g is the fitting

parameter. The parameter g was allowed to vary with e . Normal ization of t was performed according

to Eq. lib. A plot of e(y)/e against y/a for the normalized strain interval from 1.5 to 2 for the

four specimens with GSY and the fitting function of Eq. 12 is shown as Fig. 41. J-integral values

were calculated from the strain dependence of Eq. 12 using the definition of J in Eq. 1, with traction-

bending terms assumed to be negligible for GSY. The resulting J-integral values were normalized

according to Eq. 11a and plotted against normalized remote strain in Fig. 42.

As indicated by Figure 41, the normalized J-integral vs. strain curves for the individual

experiments exhibited a high degree of scatter. Figure 43 shows the behavior of the individual

specimens. The line in Fig. 43 labeled "four-specimen average" is a linear least squares fit to the

postyield data of Fig. 42. The scatter among the data of Fig. 43 might be a result of variability of

specimen material properties and possible experimental error in measured strain values. This scatter

may also be a result of the inadequacy of Eq. 12 to represent the dependence of strain on position

for specimens of two sizes with three crack geometries. Neither solid mechanics calculations nor

numerical analysis has successfully calculated the specific form and slope of the normalized

J-integral vs. strain curve for GSY for any crack geometry or specimen size. The data and analysis

of the present study show that a single curve can approximately represent the dependence of applied

J-integral on strain for all crack geometries and specimen sizes in HY130, as long as only GSY

occurs. Such a curve should be regarded as a good first-order approximation.

The data for the double-edge-cracked specimen in Fig. 43 form the lower bound of the experi-

mentally observed GSY behavior. This specimen had the largest ratio of crack size to specimen width

of the four through-cracked specimens with GSY. Large relative crack sizes tend to favor NSY.

Therefore, one might suspect that the extraction of the GSY J-integral behavior was less accurate for

this specimen than for the others. This data set is lower than any theoretical predictions.

Therefore use of this data set as the basis of a f i tness-for-servi ce assessment curve cannot be

supported at present.

The nature of GSY behavior may be relevant to the scatter of data in Fig. 43. In GSY, the crack

is so small that it does not control the specimen behavior. Other variables such as local vari-

ability of flow strength, imperfections in specimen machining, or perturbation of the strain

distribution by the gripping apparatus may be capable of producing variability in applied J values.

Such variability would also occur in practical applications. Previous experimental attempts [17] to

verify the Burdekin-Dawes [14] crack opening displacement (COD) design curve have been subject to

more scatter than the present study; the experimental method used was totally unrelated to that of

the present study.

The data of Fig. 43 can be compared with previous fi tness-for-servi ce assessment curves[14-16]

.

The f i tness-for-service curve considered representative of the data of Fig. 43 is the experimental

upper bound. Figure 44 shows previous J-integral estimation curves. Quantitative comparison can be
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made by expressing the upper-bound curve of Fig. 43 as an equation relating normalized J-integral, j,

to normalized strain, e:

e<l (13a)

j = 2 + 4 (e-1 ) , e>l (13b)

The key element of these equations is the number that multiplies the term (e-1) in Eq. 13b. This

number gives the rate of increase of normalized J-integral with normalized strain in the plastic

strain range. This rate is the slope of a normalized applied J-integral vs normalized strain plot.

The range of previous estimates [14-16] of this quantity is 2 to 4; see Fig. 45 (Turner's [16] value

of 5 applies only over a narrow strain range). Therefore, the lower bound of the present results is

almost as large as the lower bound of previous estimates, the trend of the present results is within

the range of previous estimates, and the upper-bound of the present results is the same as the upper

bound of previous estimates.

The present experimental results provide the upper-bound curve of Fig. 43 as an experimentally

derived J-integral estimation curve for HY130, Fig. 46. This curve is applicable to contained

plasticity and GSY only. Net section yielding cannot be treated using the J-integral estimation

curve of Fig. 46. Net section yielding constitutes a separate failure mode. Structures should be

checked to ensure that this failure mode will not occur. According to the instructions for

application of the COD design curve [18], the need for critical assessment of this failure mode

(yielding due to overloading of remaining cross section, in the terminology of Ref. 18) is most

likely to arise in small structural sections.

Once NSY has been excluded, the applied J-integral level for any through-thickness flaw or any

full-width surface flaw can be estimated for any level of applied strain from Fig. 46. The

estimation cgrve of Fig. 46 clearly overestimates applied J-integral where linear elastic fracture

mechanics (LEFM) is adequate and the plastic zone is small compared to the crack size. In such cases

LEFM might be used if necessary; the present estimation curve provides for conservative tolerance

levels for the large flaws that would be under consideration in such cases. However near yield

stress the plastic zone size increases rapidly with stress, so that for such stresses the present

estimation is considered to be accurate rather than conservative.

The strain axis should be entered at the applied strain value anticipated in the component in

question. The presence of residual stresses or stress concentrations must be accounted for in the

applied strain value. Residual stresses of unknown magnitude should be estimated to be at yield

level. One yield strain unit should be added to the normalized strain before entering the J estima-

tion curve. Stress concentrations in tension can be conservati vely approximated as uniform tensile

strain fields for which the strain level is approximated using the Neuber relation [12]

3,4 Implications of present results for f i tness-for-servi ce assessment

e = KjS , K
t
S<1 (14a)

(14b)
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where S is nominal stress divided by yield stress, ct/ct , Ky is the elastic stress concentration

factor, and elastic-perfectly plastic behavior has been assumed. The J-integral estimation curve is

then entered at the calculated normalized strain value. The estimated J-integral value is likely to

be conservative by a factor of 3 to 10 if the stress concentrator radius is not adequately large

compared with the crack length. For the edge-hole-cracked specimen tested here, the applied

J-integral value was approximately one sixth the value estimated from Fig. 46. For this case the

crack length was 0.15 of the stress concentrator radius. Of course, NSY must be avoided for stress

concentrations

.

The J-integral estimation curve derived here from experimental J measurements provides the value

of applied J-integral divided by crack length after the material yield strength and Young's modulus

are accounted for. Applied J-integral levels greater than some critical level are predictive of

material tearing. If the desired failure criterion is the least detectable tearing at a sharp

fatigue crack, very low critical flaw size levels will be predicted at strains of a few times yield.

A typical Jj
c

value for HY130 would be about 230 kN/m (1300 lb/in). For a strain of 3 times yield

the predicted critical flaw size would be 1.6 mm (0.071 in). However the HY130 specimens tested here

at room temperature, including those with fatigue cracks, showed no tendency to macroscopic tearing

at J levels less than around 900 kN/m (5000 lb/in). If a critical J-integral of 900 kN/m were used

instead of 230 kN/m, the predicted critical flaw size would be 7 mm (0.28 in). This

calculation indicates that care must be exercised in adopting an' appropriate critical J-integral

value.

It is well-established that the degree of crack-tip-constraint in a structure or specimen has a

major influence on its fracture behavior [19]. This effect is usually discussed in terms of the

dependence of some crack-initiation criteria such as a critical stress intensity factor, K , on

specimen thickness. But the constraint effect applies to tearing (R-curve) behavior as well [20-22].

The J-R curves shown previously as Fig. 4 demonstrate this effect. The face-cracked tensile panel

1 cm thick has less constraint than side-grooved compact tensile (CT) specimens 2.5 cm thick by 5 cm

wide. Accordingly, the J-R curve for the face-cracked tensile panel lies above that for the compact

speicmen. The J-R curve of through cracked tensile panels 1 cm thick used in this study has not been

specifically measured, but its qualitative behavior has been observed. In accord with expectation

based on consideration of constraint, the J-R-curve for the through-cracked tensile panels 1 cm thick

are even higher than the curve for the face-cracked panel in Fig. 4. This explains why very high

J-integrals were obtained in the tensile panel tests before significant tearing.

The variability of J-R behavior with configuration, coupled with the need that structures be

demonstrated to be as crack tolerant as possible, may require use of configuration-specific J
c

values

for crack initiation and propagation. The J
c

value chosen controls the flaw size calculated using

the gross-section-yielding J-integral estimation curve. Larger J
c

vlaues correspond to larger flaw

sizes.

Use of configuration-specific J values instead of conservative values from CT specimens can be

classified with use of application-specific applied stress and strain values instead of conservative

estimates as refinements to a basic f i tness-for-servi ce assessment proceudre. such refinements allow

demonstration of larger tolerable crack sizes in specific situations, at a cost of additional

information about the application and additional information about the configuration dependence of J

values for crack initiation and propagation.

Qualitative use of this configuration dependence of effective fracture toughness is made in some

well-known fracture criteria, including through-thickness-yielding, 1 eak-bef ore-break , and
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ratio-analysis-diagram. Attempts have been made to quantify crack-tip constraint in order to explain

the configuration-dependence of fracture toughness, but no generally applicable method is available.

3.5 Surface flaws

Three surface-cracked HY130 specimens have been tested. Net section and gross section yielding

effects occurred in these specimens. The rule that flaws 1 percent of the cross-sectional area are

required for GSY held for surface flaws in HY130 base metal. For the remainder of this section it

will be assumed that NSY has been eliminated from consideration.

Three behavior types, each associated with a specific three-dimensional strain pattern, must be

accounted for in calculating applied crack driving force for surface cracks: elastic, ligament

yielding (LY) and gross section yielding.

Elastic strain

At low stresses, a tensile panel containing a surface crack behaves in a generally elastic

fashion; plastic strains occur only in a very small zone near the crack tip. Applied J-integral can

be evaluated in this stress range using equations reported by Newman and Raju [23]:

J a 2
it h F (15a)

E Q

Q
= 1 + 1.464

/hvl.65
c

'

(15b)
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where o is applied stress, h is surface crack depth, c is surface crack half-length, t is plate

thickness, and W is plate width.

Ligament yielding

As stress increases, the crack tip plastic zone extends through the ligament behind the surface

flaw toward the back face of the specimen. This ligament plasticity causes the crack driving force,

measured by applied J-integral or applied CTOD, to increase with applied stress at a higher rate than

before LY. Experimental verification of an analytical model for LY was reported recently by Cheng et

al [24]. According to this study, CTOD resulting from LY is given by

CTOD = 2 (2c + 2r ) [a -—
E

where c is crack half-length,

(l-h/t)o7

h is crack depth, t is plate thickness,

(16)

plastic zone size and
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a is material flow strength. A previously obtained Dugdale solution for the plastic zone size was

given as

. / 7T o C \

sin
(2

' 2
w }

sin (j • 2
d

W

/ tt a
= cos

a
1

(17)

where Cp = c + 2 r^, o'/o 1 = 1 - (1 - a/a) • t/h, and W is plate width. A somewhat more rigorous

analytical model was developed by King using a simplified line-spring approach [25]. The crack

driving forces calculated from King's model are practically identical to those from Eq. 16. This

agreement allows increased confidence in the reliability of Eq. 16. The simplified line spring model

also shows that CTOD values can be converted to J-integral values for tensile panels simply by

multiplying CTOD by a . The agreement between the line spring model and experimental ly measured

J-integral values was found to be good (Fig. 45). Another variation of the LY model was reported by

deWit and Smith [26]. Although the mathematical form they reported is slightly different from

Eq. 16, their calculated CTOD values agree well with those from the other models. The mathematical

form used in Ref. 26 was found to be adaptable for graphical evaluation, as discussed below.

Gross section yielding

As the stress is increased, the LY model eventually breaks down because yielding spreads away

from the ligament. After yielding spreads throughout the specimen, GSY behavior occurs (assuming the

absence of NSY). Data obtained to date in this study and the precedent of the British approach [18]

indicate that surface cracks in tensile panels with GSY can be treated in the same general way as

through flaws in GSY. That is, the increase in applied J-integral is proportional to the increase in

applied strain and the effective crack size a:

AJ ^ a Ae . (18)

Here a depends on crack depth, h, crack half-length, c, and plate thickness, t. It is independent of

plate width and independent of applied strain. The plot of Fig. 46 illustrates the form of the

dependence of a on h and c. This plot was derived by requiring that in cases where the surface crack

reduces to a through crack, the effective crack size should reduce to h or c, as appropriate, and

that a should be zero when c or h is zero. Figure 46 is consistent with the available data, but it

has not been critically evaluated at values of c/t above 0.8 and h/t values above 0.12. The

extremely large specimen sizes required for experimental tests of GSY behavior in this range of crack

sizes might make such measurements impractical unless a specific need for the data arises.

Evaluation of total J-integral

The applied J-integral produced by the three mechanisms discussed above can be evaluated as

follows. The first step is to determine the stress where LY begins and to obtain an index of the

degree of yielding around the surface crack. According to the models presented above, ligament

yielding begins at an applied stress level, a*, given as:

a* = a (1 - h/t) . (19)

As the stress increases, the degree of LY also increases. The quantity chosen as the surface crack

yielding index is zero for stresses below a* and increases linearly with applied stress. When the

applied stress reaches the material flow strength, the plane of specimen material
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containing the surface crack has yielded everywhere. The surface crack yielding index is chosen to

be one for this stress level. The surface crack yielding index Y is given mathematically as

o/o - (1 - h/t)

Y = h/t (20)

and can conveniently be evaluated using the graph of Fig. 49. This same graph can also be used to

evaluate a*, the stress level at which LY begins. The stress a* is the stress where the line for the

h/t value under consideration intersects the x-axis. Interpolation may be used to locate lines for

h/t values not shown in the figure.

The normalized applied J-integral for the elastic stress range is found by entering the x-axis

of Fig. 50 at either a* or the applied stress, a, whichever is lower, and reading off the indicated

y-axis value. The effective crack size for elastic behavior can be obtained from Fig. 51, allowing

calculation of the absolute value of the elastic part of the applied J-integral.

If the applied stress is greater than a*, additional contributions to the applied J-integral

must be accounted for. The LY contribution to the applied J-integral can be evaluated using Fig. 52,

entering the x-axis at the surface crack yielding index previously obtained from Fig. 49. For the

scaling chosen for the y-axis of Fig. 52, the effective crack size is given by

a = hc/t ,

as noted on the figure. The absolute value of the applied J-integral from LY is added to the

contribution from elastic strain.

The maximum achievable surface crack yielding index occurs at the stress level at which yielding

occurs away from the surface crack. This stress level is indicated by a vertical dashed line in

Fig. 49. The value used was obtained from the experimental data of the present study. For applied

strain levels above yield, the maximum surface crack yielding index for the crack under consideration

is used in evaluating the LY contribution to the applied J-integral.

The GSY contribution to the applied J-integral value could be evaluated using the graph of Fig.

53 to obtain normalized J-integral and the effective crack size plot of Fig. 48. As discussed above,

Fig. 48 is only hypothetical for c/t values above 0.8 and h/t values between 0.12 and 1.

Discussion

The concept of a three-step evaluation procedure for applied J-integral is illustrated by

Fig. 54, which may be compared with Fig. 46 for through cracks. Simplification of the evaluation

process illustrated by Fig. 54 awaits advances in understanding of surface flaw behavior.

Probably the most problematic aspect of the procedure described above is the use of the material

flow strength in the evaluation of the LY contribution to the applied J-integral. The flow strength

is based on the idealization of a metal as an elastic-perfectly plastic material. The present

specimen material, HY130 steel, is nearly elastic-perfectly plastic. But GSY cannot occur in an

ideally elastic-perfectly plastic tensile panel containing a surface flaw, because the cross-

sectional area of the crack plane is less than the area away from the crack, so that all the strain

must occur in the plane of the crack. Strain-hardening and three-dimensional geometrical constraint

effects can raise the effective strength of the material surrounding the surface crack to a high

enough level that GSY can occur. Another important effect is overmatching weld metal in specimens

with welds transverse to the tensile axis. The flow strength of an overmatching weld can easily be

higher than the yield strength of the base metal, which would lower the applied J-integral from LY.
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An additional beneficial effect of overmatching may be to limit applied plastic strain during GSY in

a transverse weld to values below those in the surrounding base plate. Lower applied strain would

mean lower applied J-integral values. The existence of these strengthening effects is demonstrated by

Fig. 55, which shows fractured welded and base metal HY130 specimens containing small surface cracks.

These specimens fractured away from their cracks. But the magnitude of effective strengthening owing

to overmatching, strain hardening, and geometrical constraint must be carefully studied; the ability

of surface cracked specimens or structures to achieve gross section yielding should not be taken for

granted.

4. CONCLUSIONS

As a result of 15 direct experimental measurements of the applied J-integral in HY130 tensile

panels several conclusions have been reached:

1. Applied J-integral is controlled qualitatively by deformation pattern. Net section

yielding produces large applied J-integral values, whereas gross section yielding produces

small applied J-integral values.

2. Fi tness-for-servi ce assessment for contained plasticity and gross section yielding can

be performed using a J-integral estimation curve to obtain applied J-integral as a

function of applied strain and crack size.

3. Net section yielding is intolerable in high performance components. This yielding pattern

can be avoided in tensile panels by restricting crack size to 1 percent or less of the

load-bearing cross-sectional area.

4. The J-integral estimation curve for gross section yielding can be used to treat cracks

at stress and strain concentrations. Neuber's rule may be used to estimate applied strain.

A safe (too large) estimate of applied J-integral will be obtained if the crack under

consideration is not sufficiently small compared with the stress concentrator.

5. Estimation of applied J-integral values for surface flaws requires consideration of

ligament yielding as well as contained and gross section yielding. Contributions of each

of these yielding patterns to applied J-integral can be evaluated using estimation curves

specific to each yielding pattern.

5.
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Figure 2. Instrumentation of single-edge-cracked specimen.
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STRAIN

Figure 3. Engineering stress-strain curves for the HY130 specimen material

used in the present study.
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HY130 Tensile Panel

Width = 90 mm

Crack-Half-Length = 4 mm

• LVDT attachment point

CMOD Crack mouth opening
displacement gage

Figure 6. Instrumentation layout for center-cracked tensile panel, crack half-length 4 mm.

CMOD Crack mouth opening

displacement gage

Figure 7. Instrumentation layout for single-edge-cracked tensile panel, crack length 4 mm.
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HY130 Tensile Panel

Width = 90 mm

Crack Length = 2 mm

• LVDT attachment point

CMOD Crack mouth opening

displacement gage

Figure 8. Instrumentation layout for double-edge-cracked tensile panel, crack length 2 mm.
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HY130 Tensile Panel

Width = 90 mm \
0*

LVDT Displacement gages

• LVDT attachment point

CMOD Crack mouth opening
displacement gage

Figure 9. Instrumentation layout for face-cracked tensile panel, crack depth 2 mm.

27



CMOD Crack mouth opening

displacement gage

Figure 10. Instrumentation layout for edge-hole-cracked tensile panel, crack length 2 mm, hole

radius 14 mm.

NOTE:
. • LVDT attachment point

All instrumentation on face side is

duplicated on back side CMOD Crack mouth opening

displacement gage

Instrumentation layout for wide center-cracked tensile panel, crack half-length 16

panel width 560 mm.

Figure 11.
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|j Small strain gages (4)

[]
Strain gage

LVDT Displacement gage

• LVDT attachment point

CMOD Crack mouth opening

displacement gage

Figure 12. Instrumentation layout for surface-cracked tensile panel, crack depth 6 mm, crack

length 25 mm.
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HY130 Tensile Panel

Face-Cracked

Crack Depth = 2 mm.

Panel Width = 90mm.

Scan Number 6

1

Scan Number 7 1

Scan Number Gage Length Strain Remote Strain J-Integral (kN/m)*

40 0.0029 0.0026 12

61 0.0050 0.0041 132

7 1 0.0071 0.0043 7 12

*1 kN/m = 5.71lb/in

Figure 23. Face-cracked tensile panel, crack depth 2 mm, with brittle lacouer coating to show

strain distribution, at three strain levels.
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HY130 Tensile Panel Edge-Hole-Cracked

Crack Depth = 2 mm. Hole Radius=14 mm.

Scan Number 30 60 92

Gage Length Strain 0.001 5 0.0025 0.0048

Neuber Strain 0.0035 0.0 1 1 9 0.0335

J-Integral (kN/m)
*

13 67 440

* 1 k N / m = 5.71 Ib/in

Figure 24. Edge-hoi e-cracked tensile panel, crack length 2 mm, with brittle lacquer coating to

show strain distribution, at three strain levels.
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HY130 Tensile Panel

Crack Length = 1 mm.

Single-Edge-Cracked

Specimen Width = 90 mm.

Scan Number 30
Gage Length Strainr 0.0058

Remote Strainr 0.0053
J-Integral (kN/m)= 27.5

Final

*1 kN/m = 5.71 Ib/in

Figure 28. Si ngl e-edqe-c racked tensile panel, crack length 1 mm, with brittle

show strain distribution near yield and at the end of the test.

lacquer coating to
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Figure 29a. J-integral plotted against gage length strain for center-cracked tensile panel with

crack half-length 4 mm.

Remote Strain/Yield Strain

Figure 29b. J-integral plotted against remote strain for center-cracked tensile panel with crack

half-length 4 mm.
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Figure 29e. Stress plotted against gage length strain for center-cracked tensile panel with crack

half-length 4 mm.
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Figure 29g. Gage length strain plotted against remote strain for center-cracked tensile panel with

crack half-length 4 mm.
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Figure 29k. J-integral plotted against crack mouth opening displacement for center-cracked tensile

panel with crack half-length 4 mm.
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Integral,
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Dependence of J-integral , stress, and crack mouth opening displacement on strain

for single-edge-cracked tensile panel with crack length 4 mm.
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Figure 30a.
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Figure 30b.
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Figure 30e.
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Figure 30f.
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Figure 30k.
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Figure 3 1 a - 3 1 k . Dependence of J-integral. stress, end crack mouth opening displacement on strain

for double-edge-cracked tensile panel with crack lengths 2 mm.
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Figure 31b.
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Gage Length Strain/Yield Strain
0 12 3 4 5

Figure 31e.

Remote Strain/Yield Strain

Figure 31f.
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Figure 31k.
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Figure 32a-32k. Dependence of J-integral, stress, and crack mouth opening displacement on strain

for face-cracked tensile panel with crack depth 2 mm.
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Figure 33a- 33g. Dependence of J-integral, stress, and crack mouth opening displacement on strain

for edoe-hol e-cracked tensile panel with crack length 2 mm.
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Figure 34a-34k. Dependence of J-integrai, stress, and crack mouth opening displacement on strain

for center-cracked tensile panel with width 560 mm and crack half-length 16 mm.
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Figure 35a-35k. Dependence of J-integral, stress, and crack mouth opening displacement on strain

for surface-cracked tensile panel with crack depth 6 mm and crack length 25 mm.
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Figure 40. Schematic plot of behavior of strain along direction of tensile axis plotted against

distance from crack plane showing strain shadow.
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J—Integral Estimation Curve

Figure 46. Experimentally derived J-integral estimation curve for contained yielding and gross

section yielding in HY130 in tension.
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Figure 47. Dependence of applied J-integral on stress for a surface-cracked tensile panel with

crack depth 6mm and crack length 25mm. The curve gives values calculated using the

simiplified line spring model with flow strength taken as 975 MPa (141 ksi).
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Figure 48. Form of the dependence of effective crack size a on crack depth to thickness ratio h/t

and half-length to thickness ratio c/t.
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Figure 49. Surface crack yielding index for HY130 plotted against applied stress for several

relative crack depths.
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Figure 50. Dependence of normalized applied J-integral for HV130 on stress for contained

plasticity for surface flaws.
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Figure 52. Normalized J-integral for ligament yielding plotted against surface crack yieldirc

index.

Normalized post- yield strain

Figure 53. Dependence of normalized J-integral for surface cracks for gross section yielding on

normalized applied strain.
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Surface Cracks

Figure 54. Schematic composite J-integral estimation curve for surface cracks showing contained

yielding, ligament yielding, and gross section yielding behaviors.
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Figure 55. Photograph showing fractured welded and base metal HY130 specimens containing small surface

cracks. Note that the fractures occurred away from the cracks.
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ABSTRACT

The J contour integral has been applied widely in characterizing

the fracture toughness of metals. In addition, the applied J-integral

can be used to characterize the driving force for fracture in structures.

This use of the J-integral requires knowledge of the dependences of the

applied J integral on stress, strain, and crack size. Results from an

experimental study of the applied J-integral as a function of strain in

tensile panels are discussed in this paper. Variables controlling the

applied J integral are associated with the three observed deformation

patterns: stress controls J for linear elastic strains and contained

yielding, displacement controls J for net section yielding, and strain

controls J for gross section yielding. Experimental results of this

study show that the applied J-integral value for a given strain level is

much higher for net section yielding than for gross section yielding.

The yielding pattern obtained was found to depend on the ratio of crack

length to specimen width. The transition from gross to net section

yielding in the material tested used occurred as the ratio of crack

length to specimen width was raised from about 1 to about 5 percent.

The significance of this transition is twofold; first, a strong increase

in applied J values is produced by a small increase in crack size;

second, this effect occurs at crack sizes that are small compared with

specimen width. The present experimental results resolve ambiguities in

the literature regarding the applicability of different estimation

formulae for J and allow approximate calculation of the applied J-integral

for any crack size or stress level.
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INTRODUCTION

The J contour integral [1] has been applied widely in characterizing

the fracture toughness of metals [2-4], but its application to evalua-

tion of the durability of structures containing cracks has been delayed

because dependences of the applied J-integral on stress, strain, and

crack size have not been generally well established. In response to

this need, a technique for measurement of the applied J-integral in

tensile panels of HY-130 steel as a function of applied stress, dis-

placement, and strain has been applied to the elastic-plastic strain

range [5]. This technique is applicable to short, as well as long,

cracks, unlike the J-integral evaluation techniques commonly used in

material toughness testing. In this paper, experimental results on the

behavior of the applied J-integral are discussed, and conclusions are

drawn about the factors that control the applied J-integral. Two concepts

central to the development of the arguments in this paper, controlling

variables for J and deformation patterns, are now introduced:

The use of J as a fracture-characterizing parameter requires that J

be related to structural loading. To formulate such relationships, the

structural loading must be appropriately characterized. Some variables

that might be used to characterize structural loading are remote stress,

remote strain, strain over some gage length, and applied displacement.

This choice of a characterizing parameter is not necessary in linear

elastic fracture mechanics (LEFM) because the laws of linear elasticity

enforce consistent relationships among the variables. For example, the

stress and strain, are related through the material elastic constants.

The LEFM stress intensity factor is related unambiguously to either

remote stress or strain. Widespread yielding invalidates the laws of
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linear elasticity and also the fixed relationships among the loading

variables. Therefore, one may not simply assume that some variable, for

example stress, is the appropriate controlling variable for J in yielding

fracture mechanics; the appropriate controlling variable must be identified.

For some materials power-law hardening occurs over the entire strain

range of interest, and so the various loading parameters may scale with

one another [6], In HY130, however, the stress-strain behavior is

nearly elastic-perfectly plastic, so that deformations above yield can

occur at essentially constant stress. This behavior prevents reliable

scaling of deformations against applied stresses. The criterion for a

proper J-controlling variable characteristic of the deformation state is

that the J-integral must be a single-valued function of the controlling

variable. Variables that change while the J-integral remains constant

or that remain constant while the J-integral changes must obviously be

rejected. A major argument herein is that different variables control J

at different stress and strain levels and crack lengths for HY130 and

possibly for many other materials.

A convenient classification of stress levels and crack lengths is

by deformation patterns [7,8]. Figure 1 depicts deformation patterns

characteristic of different deformation levels in a cracked specimen:

linear elastic, contained yielding, net section yielding, and gross

section yielding. Each of these patterns was observed in the present

study and was important for interpreting the results. In this paper the

appropriate controlling variables for the applied J-integral for the

different deformation patterns are identified and formulas for estimating

J for each region are discussed.
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EXPERIMENTAL TECHNIQUE

The experimental technique used for measurement of the J-contour

integral for elastic-plastic conditions was described in detail in a

previous paper [5]. The materials tested was HY-130 steel, a 5-Ni

,

0.4-Cr, 0.5-Mo steel with a yield strength of 933 MPa, an ultimate

strength of 964 MPa, and very low strain hardening. Briefly, contours

enclosing crack tips in single-edge-cracked, center-cracked , and surface-

cracked specimens of HY-130 steel were instrumented with strain gages

and linear-variable-displacement transducers (LVDTs) to measure the

integrand terms of the J-integral. The integral was then evaluated

numerically. Pin-loaded specimens with a gage section of 300 mm x 90

mm x 10 mm were used. Cracks were simulated by saw-cut notches of 1-,

2-, 4-, 7-, and 20-mm lengths. Some notches were sharpened by fatigue.

Load was measured using the built-in load cell of the 1 MN servohydraul ic

test apparatus. Displacement over the gage length was obtained from the

LVDT outputs. Remote strain was obtained from the strain gages near the

end of the gage section. The experimental uncertainty in the J-integral

in the plastic range was estimated at ± 10%.

RESULTS AND DISCUSSION

Measured values of the J-integral are plotted against gage length

strain in Fig. 2. Gage length strain is defined as the change in the

length of the gage section divided by its length. For most crack lengths,

the J values assume a parabolic dependence on strain for low strain

values and a linear dependence at higher strains. For a given strain

level, J increases with crack length. In short, the general trends of

the data in this figure are in accord with prior observations [9,10].
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Appropriate controlling variables for J for the different deforma-

tion patterns are now considered.

Linear Elastic Strains and Contained Yielding

First, consider loads well below the nominal yield load of the

cracked specimens. For such loads, the plastic zone at the crack tip

is small compared with the length, width, and thickness of the specimen,

so a linear elastic treatment is appropriate. For this situation, the

elastic strain (given by a / E where a is the nominal remote stress and E

is Young's modulus), the gage length strain, and the remote strain are

all approximately the same except near the crack tip because linear

elasticity holds throughout the specimen. Nominal stress is commonly

used as the independent variable in linear elastic fracture mechanics [11]

In the linear elastic region it is clearly most convenient to regard

nominal stress as the controlling parameter. Experimentally derived

values of the applied stress intensity factor, K, are plotted against

nominal stress in Fig. 3. The stress intensity factor data in this

figure were calculated using measured J-integral values and the equation

K = /(JTT 0)

The experimental data of Fig. 3 support the existence of the linear

elastic regime; the stress intensity is proportional to the stress up to

about 700 MPa, which is about 75% of the material yield strength. The

experimental ly measured K values are in agreement with predicted values

from linear elastic fracture mechanics within the experimental uncertainty

For the elastic strain region, linear elastic relationships between

applied stress a, and stress intensity factor, K, for several crack

configurations may be used. These are conveniently collected in Ref. [11]
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As the load is further increased, the plastic zone expands

rapidly outward from the crack tip. As long as the plastic zone remains

sufficiently small, nominal stress remains the appropriate J-control 1 ing

parameter [12]. This situation is termed contained yielding.

Net Section Yielding

The HY-130 material used in the present study has very little

strain hardening, so a definite limit load is reached when the remaining

ligament adjacent to the crack yields. The plastic zone penetrates to a

free boundary forming a deformation band (Fig. 1). Upon further imposed

displacement, the load no longer increases but the J-integral continues

to increase because the crack continues to open. A plot of experimental ly

measured J-integral values vs. stress. Fig. 4, illustrates this behavior.

After yield, nominal stress is no longer the J-control 1 ing variable

because J increases while stress remains constant. For relatively deep

cracks, the remote strain becomes constant along with the nominal stress,

because all the imposed deformation is transmitted to the deformation

bands while the specimen ends move apart as rigid bodies. Therefore

remote strain is also ineligible for consideration as the controlling

parameter for J for this case. The gage length strain, that is, imposed

displacement divided bv some qaqe lenqth, increases with the J-inteqral,

but it depends on the gage length and so is not unique. The displacement,

that is, the change of the gage length from its original value, increases

along the width J and does not depend strongly on the choice of gage

length, so it is a possible J-controlling variable for deep cracks. This

choice is supported by relationships given by Rice, Paris, and Merkle [13]

for the J-integral in specimens with deep cracks; in these relationships,

J is proportional to the imposed displacement in tensile specimens:
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( 2 )J = - 1 p dP/da d V.

where V is imposed displacement at the load point, P is the load, and a

is crack length. This relationship applies for both elastic and plastic

deformation. In plasticity, P becomes the limit load. For the case of

single-edge-cracked specimens pin-loaded in plane stress, the limit load

is [14]

P = o
f

WB { [
(1 -a/W)

2
+ (a/W)

2
]

1/2 - a/W} (3)

Here a
^

is the flow stress and W the specimen width. Applying (2),

assuming no strain hardening, the plastic part of J is found:

1 - 2a/W

[(1 -a/W)
2

+ (a/W)
2
]
172

+ 1}V (4)

where Jp is the part of J associated with plastic deformation and V
p

is

the total displacement less the elastic part. Using (4), the normalized

rate of change of J with imposed displacement, M, given by M = AJ/cjy A V,

1-2 a/W

[(l-a/W)
2

+ (a/W)
2
]
1/2

+ 1 ,

i s

(5)

This M value is applicable for plastic strains. The flow stress for the

limit load expression may be taken as the average of yield and ultimate

strengths. This value is accurately known for HY-130 because its yield

and ultimate strengths are nearly the same. Experimental data are shown

in Fig. 5. In this figure, experimentally determined values of the

quantity M are plotted against normalized crack length. The net section

yield theory prediction (5) is shown as a broken line.
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The noteworthy feature of this comparison is that the experimental data

fall away from the theoretical predictions of a/W at values less than

about 0.1. Similar behavior was previously observed for a C-Mn ship

steel [9]. Equation 2 with conventional limit load expressions usually

gives finite J values at a = 0. But a nonzero J value is nonsensical in

the abscence of a crack. Therefore, at some crack length, J must deviate

from the conventional predictions and approach zero as crack length approaches

zero. The data fall approximately on a straight line through the origin,

although the actual behavior is probably more complex. Using the

slope of this line, g, dependence of J on displacement in this short-crack

net-section-yielding region, J
sn>

can be described approximately by

AJ
$n = g a a

f
A V/W (6)

The full value of J in this region is given by

J = J
e + g a a

f
(V-V

e
)/W (7)

where J
g

and v
0

are the J-integral and displacement values at yield.

From the data of Fig. 5, the constant g was evaluated to be about 15.

An extension of the simple theory of Eq. 2, in which a term accounting

for crack tip region constraint (CTRC) was added to the usual expression

for applied load, was used previously to obtain a closer fit to the

data in Fig. 5 [5].

In summary, in net section yielding for both long and short cracks,

imposed displacement controls the applied J value.
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Gross Section Yielding

For very small crack lengths, the plastic strain is no longer

concentrated by the crack tip in the remaining ligament but instead

spreads throughout the whole specimen. The corresponding deformation

pattern is gross section yielding. Strain is the controlling variable

for the gross yielding region [15-17]. The transition from net section

yielding to gross section yielding is illustrated in Fig. 6. This

figure presents a plot of displacement contributed by strains associated

with the crack (abbreviated crack-related displacement) against remote

strain. The crack-related displacement is the total imposed displacement

less the product of remote strain times gage length. Figure 6 shows

that for the deeper cracks the remote strain remained constant as the

crack-related displacement increased, as would be expected for net

section yielding. But for the 1-mm crack the remote strain continued to

increase and the crack-related displacement showed no steep rise at

yield as in the net section yielding case, indicating that the entire

specimen was yielding, behavior characteristic of gross section yielding.

From this figure, it can be seen that the boundary between net section

yielding and gross section yielding for the HY-130 material used in this

study is located somewhere between the 1-mm crack and the 2-mm crack.

It will be rounded off to a/W = 0.01 for purposes of the next section.

Figure 2 shows that the measured J-integral values for the 1- and 2-mm

cracks were much less than for the longer cracks. This illustrates the

fact that J for the net section yielding is much higher that for gross

section yielding. Relationships between J and strain for gross section

yielding have been proposed previously [15-17]. These are in general

agreement with one another but have not been critically evaluated in

this study.
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Deformation Behavior Map

It has been shown that the proper controlling parameters for J are

stress, imposed displacement, and remote strain, and that each rules in

a specific region of applied stress or strain and crack size; a behavior

map depicting the location of these regions is shown as Fig. 7. Its

ordinate is a logarithmic scale for normalized crack size, a/W. Its

abcissa is normalized stress, a/a , up to a/a
y
=

1 , and then it divides

into separate scales for long and short cracks. For long cracks, the

second part of the abcissa is displacement, and for short cracks, it is

normalized remote strain, e /e . For low nominal stresses, the deformation
rem y

is linear elastic for all crack sizes. With increasing stress, specimens

with long cracks yield first, and eventually as a/a^-* 1 all specimens

yield. The curve extending from the upper left corner of the graph down

to °/°y
= 1> a/W - 0 is the boundary between linear elastic behavior and

contained yielding. The nearly parallel curve forms the boundary between

contained yielding and extensive yielding. Extensive yielding is divided

by a horizontal line into gross section and net section yielding. Here

this line has been placed at a/W = 0.01. High strain hardening or yield

elevation by constraint might raise this line. For small crack lengths

(the gross section yielding region) the controlling parameter for J,

namely, remote strain, is given on the lower abcissa. For larger

cracks (net section yielding), the controlling parameter for J, namely

displacement, is given on the upper abcissa. Within the net section

yielding region, the short crack region is separated from the remainder

by another horizontal line. Displacement is still the controlling

1 1 2



parameter for this region, but the crack-size dependence is different.

Deformation maps like this could be used to depict the effect of material,

part geometry, or deformation type (for example, residual vs applied

stress) on the formation of the different deformation patterns.

The large behavior difference observed between gross and net

section yielding explains why one set of J-vs-di spl acement formulae, of

the type given by Ref. [13], have been used in material toughness tests

of deeply notched specimens, whereas an entirely different family of

relationships between J and strain has been proposed for application to

structures [15-17]. Structures usually have small cracks, which produce

gross section yielding, whereas test specimens are deeply cracked,

producing net section yielding.

Further Research

The present results are, of course, not adequate for general, re-

liable application to decisions about cracks in real structures. The

most needed experimental extension of the present work is to geometries

that produce yield elevation by constraint and materials with different

stress-strain behaviors; such work is in progress. The two most important

outstanding issues are: (1) the location of the transition from net

section yielding to gross section yielding, and, (2) the dependence

of J on remote strain and crack length for gross section yielding.

Analytical methods, such as finite element analysis, also need to be

developed to allow explanation and, eventually, prediction of the

occurence of the various deformation patterns and their effects on

applied J-integral values [18].
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The question of the applicability of conventionally measured

fracture toughness values to the variety of deformation patterns

described here is an interesting problem that arises once net and

gross section yielding behaviors have been clearly differentiated.

CONCLUSION

In this study, the variables controlling the applied J-integral in

the linear elastic, contained yielding, net section yielding, and gross

section yielding regions have been identified as stress, displacement,

and remote strain, respectively. Experimental evidence in favor of the

validity of existing relationships between J and stress, J and displacement,

and J and strain in their appropriate regions has been presented, and a

new relationship between J and displacement for the short crack net

section yielding region has been derived from experimental results.
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Figure 1. Deformation patterns.



GAGE LENGTH STRAIN

Figure 2. J-integral plotted against gage length strain for several

crack lengths.
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Figure 3. Measured stress intensity factor plotted against remote stress

for a single-edge-cracked specimen with a 4-mm crack.
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Figure 4. Measured J-integral plotted against remote stress for

single-edge-cracked specimen with a 4-mm crack.
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Figure 5. Net section yielding, theory and experiment. Normalized

slopes of J-integral-vs. -displacement lines and experimental

data.
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Figure 6. Displacement contributed by the strain field of the crack

(crack-related displacement) plotted against remote strain.
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Figure 7. Deformation behavior map for tensile panels of HY130 with
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